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Modern  batteries  provide  high  discharging  efficiency,  but  the  rate  capacity  effect  in  these  batteries 
drastically  decreases  the  discharging  efficiency  as  the  load  current  increases.  Electric  double  layer  capac¬ 
itors,  or  simply  supercapacitors,  have  extremely  low  internal  resistance,  and  a  battery-supercapacitor 
hybrid  may  mitigate  the  rate  capacity  effect  for  high  pulsed  discharging  current.  However,  a  hybrid 
architecture  comprising  a  simple  parallel  connection  does  not  perform  well  when  the  supercapaci¬ 
tor  capacity  is  small,  which  is  a  typical  situation  because  of  the  low  energy  density  and  high  cost  of 
supercapacitors. 

This  paper  presents  a  new  battery-supercapacitor  hybrid  system  that  employs  a  constant-current  reg¬ 
ulator  isolating  the  battery  from  supercapacitor  to  improve  the  end-to-end  efficiency  from  the  battery 
to  the  load  while  accounting  for  the  rate  capacity  effect  for  the  Li-ion  batteries  and  the  conversion  effi¬ 
ciency  data  for  the  regulator.  We  optimize  the  system  in  terms  of  a  delivered  energy  density  which  is  an 
end-to-end  energy  delivery  per  unit  volume  of  the  energy  storage  elements.  We  evaluate  the  delivered 
energy  density  with  the  aid  of  detailed  simulations  and  develop  a  design  space  exploration  algorithm 
based  on  the  characteristics  of  the  proposed  architecture.  We  achieve  7.7%  improvement  in  deliverable 
energy  density  over  conventional  parallel  connection  of  battery  and  supercapacitor. 

©  201 1  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Rate  capacity  effect  in  batteries  significantly  degrades  their  dis¬ 
charging  efficiency  under  high  load  currents.  Electronic  systems 
commonly  exhibit  large  fluctuation  in  the  load  current,  which  defy 
the  maximum  discharging  capacity  of  batteries.  Typical  electronic 
systems  determine  the  battery  size  based  on  their  expected  average 
power  consumption,  and  thus  a  large  pulsed  discharging  current 
with  peak  greatly  exceeding  the  average  value  can  significantly 
shorten  the  battery  service  life  in  a  charge-discharge  cycle.  There¬ 
fore,  in  battery-powered  electronics,  we  need  to  reduce  the  peak 
current  draw. 
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Electric  double  layer  capacitors,  more  commonly  known  as 
supercapacitors,  are  widely  exploited  to  mitigate  such  load  current 
fluctuations  in  the  batteries.  They  have  a  superior  cycle  efficiency, 
which  is  defined  as  the  ratio  of  the  energy  output  to  energy  input, 
which  reaches  almost  100%,  and  so  they  are  suitable  for  energy 
storage  in  situation  with  frequent  charge-discharge  cycles.  In  a 
battery-supercapacitor  hybrid  system,  the  supercapacitor  can  store 
surplus  energy  from  the  battery  during  low  load  demand  peri¬ 
ods,  and  provide  required  extra  current  during  high  load  demand 
period. 

Generally,  the  larger  the  supercapacitor  is,  the  higher  the  energy 
efficiency  will  be.  However,  supercapacitors  have  two  significant 
disadvantages  in  terms  of  their  volumetric  energy  density  and  dol¬ 
lar  cost  per  unit  of  stored  energy  compared  to  the  batteries.  For 
portable  applications  where  the  size  is  a  constraint  and  cost  is  a  fac¬ 
tor,  size  of  the  supercapacitor  should  be  minimized  while  achieving 
a  reasonable  energy  efficiency. 

Another  concern  is  the  terminal  voltage  variation  coming  from 
the  characteristics  of  a  capacitor.  The  terminal  voltage  of  the  super¬ 
capacitor  is  linearly  proportional  to  the  supercapacitor’s  state  of 
charge.  The  terminal  voltage  increases  or  decreases  dynamically 
as  the  supercapacitor  is  charged  or  discharged.  The  variation  of 
the  supercapacitor  terminal  voltage  is  much  higher  than  that  of 
ordinary  batteries.  As  a  result,  the  efficiency  of  power  converters, 
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which  are  connected  to  a  supercapacitor  varies  significantly  due  to 
the  potentially  large  difference  in  their  input  and  output  voltage 
levels. 

To  optimize  the  battery-supercapacitor  hybrid  for  portable 
applications,  the  energy  efficiency  and  energy  density  must  be 
considered  simultaneously.  More  precisely,  we  propose  a  new 
battery-supercapacitor  hybrid  energy  storage  system  that  employs 
a  constant-current  regulator.  The  regulator  isolates  the  battery 
from  the  supercapacitor  to  maximize  the  deliverable  energy  den¬ 
sity,  i.e.,  the  end-to-end  energy  delivery  per  unit  of  volume  of 
energy  storage  elements,  while  the  rate  capacity  effect  of  Li- 
ion  batteries  and  the  conversion  efficiencies  of  the  regulator  are 
addressed.  We  develop  a  design  space  exploration  algorithm  based 
on  the  characteristics  of  the  proposed  architecture  to  derives  the 
magnitude  of  the  charging  current  and  the  capacitance  of  the  super¬ 
capacitor.  The  algorithm  aims  at  maximizing  the  deliverable  energy 
density  for  a  given  load  profile,  power  converter  efficiency  models, 
supercapacitor  and  battery  specifications. 

The  rest  of  the  paper  is  organized  as  follows.  Section  2  introduces 
previous  research  on  the  battery-supercapacitor  hybrid  systems. 
Section  3  presents  proposed  hybrid  system  and  compares  to  the 
conventional  one.  Section  4  details  the  simulation  models  and 
states  the  optimization  problem  with  solution  method.  Section 
5  introduces  the  implementation  of  the  proposed  architecture, 
and  Sections  6  presents  the  experimental  results  using  the  imple¬ 
mented  board. 


2.  Related  work 

Supercapacitors  are  widely  used  for  energy  storage  in  vari¬ 
ous  applications.  Specifically,  supercapacitors  are  gaining  more 
attention  as  electrical  energy  storage  elements  for  renewable 
energy  sources  which  tend  to  have  a  high  charge-discharge  cycle 
frequency,  and  demand  high  cycle  efficiency  and  good  depth-of- 
discharge  (DOD)  properties  [2]. 

Relevant  previous  researches  have  mainly  focused  on  reliev¬ 
ing  the  load  fluctuation  to  mitigate  the  rate  capacity  effect.  For 
example,  The  authors  of  [3-5]  consider  the  rate  capacity  effect 
in  scheduling  real-time  tasks.  It  has  been  shown  that  taking  the 
rate  capacity  effect  into  account  also  enhances  the  service  life 
of  sensor  networks  [6].  However,  these  approaches  are  justified 
only  when  the  power  management  policy  can  change  the  load 
current.  Unfortunately,  many  battery-powered  systems  including 
those  where  the  primary  source  of  power  consumption  is  the  ana¬ 
log  circuits,  such  as  radio  amplifiers,  provide  little  freedom  to 
significantly  shave  the  load  current  to  mitigate  the  rate  capacity 
effect. 

There  are  several  related  battery-supercapacitor  hybrid  archi¬ 
tectures  in  the  literature  on  hybrid  electric  vehicles  (HEVs).  For 
example,  a  bidirectional  converter  based  approach  is  introduced  for 
the  regenerative  brake  equipped  HEVs  [7].  A  DC  power  bus  based 
general  architecture  for  the  battery-supercapacitor  hybrid  system 
is  described  in  [8].  However,  it  is  difficult  to  directly  apply  these 
architectures  to  portable  applications  because  they  are  designed 
for  the  HEV  which  involve  high-power  operation.  Different  from 
the  HEV,  many  other  factors  such  as  size,  weight,  cost,  and  cir¬ 
cuit  complexity  must  be  addressed  in  portable  battery-powered 
system. 

A  supercapacitor  in  parallel  with  a  Li-ion  battery  forms  a  hybrid 
energy  storage  that  supports  a  higher  rate  of  discharging  current 
thanks  to  the  high  power  density  of  the  supercapacitor  [9],  and 
thus  reduces  the  impact  of  the  rate  capacity  effect.  Under  pulsed 
load  conditions,  the  supercapacitor  acts  as  a  filter  that  relieves  peak 
stresses  on  the  battery.  This  type  of  parallel  battery-supercapacitor 
connection  storage  has  been  characterized  and  evaluated  by  the 
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Fig.  1.  Discharging  a  350  mAh  2-cell  Li-ion  battery  with  (a)  discharging  at  a  constant 
current  of  1  C,  2  C,  4C,  and  6  C  and  (b)  discharging  at  a  6  C  constant  current  and  12  C 
pulsed  current  of  a  20  s  period  and  a  50%  duty  cycle. 


use  of  Ragone  plots  with  pulsed  load  current  and  compared  with 
the  battery-alone  systems  in  [10].  A  simplified  model,  which  helps 
theoretical  analysis  in  terms  of  performance  enhancement  of  this 
hybrid  storage,  is  provided  in  [11].  Duty  ratio,  capacitor  configu¬ 
ration  and  pulse  frequency  play  important  roles  in  performance 
optimization  of  such  a  hybrid  storage  [12]. 

3.  Battery-supercapacitor  hybrid  system 

3.1.  Rate  capacity  effect  of  Li-ion  batteries 

We  measure  the  voltage  of  the  Li-ion  battery  for  different  dis¬ 
charging  currents  to  show  the  impact  of  rate  capacity  effect  on 
the  battery  capacity.  Fig.  1(a)  shows  the  voltage  drop  and  total 
amount  of  delivered  energy  from  the  battery  with  a  constant  dis¬ 
charging  current  of  1  C,  2C,  4C,  and  6C,  when  using  2-cell  series 
Li-ion  GP1051L35  cells  [13].  The  discharging  efficiency  (defined  as 
the  ratio  of  energy  delivered  from  the  battery  to  the  load  to  the 
nominal  energy  storage  in  that  battery)  at  6  C  load  current  is  merely 
40%  of  the  1  C  discharging  efficiency.  In  practice,  intermittent  large 
amount  of  discharging  current  is  often  applied  to  batteries  due  to 
significant  load  current  fluctuation  of  a  typical  battery-powered 
electronics  circuit  or  systems. 

Furthermore,  as  presented  in  Fig.  1(b),  drawing  a  pulsed  current 
of  1 2  C  with  a  50%  duty  cycle,  which  is  6  C  on  average,  results  in  only 
81 .3%  delivered  energy  and  a  shorter  service  life  compared  to  draw¬ 
ing  a  constant  current  of  6  C.  This  example  clearly  demonstrates  the 
need  of  the  peak  current  reduction. 

In  this  paper,  we  target  the  high-rate  pulsed  load  applications 
which  tend  to  seriously  reduce  the  battery  service  life  due  to  the 
rate  capacity  effect.  For  instance,  a  US  Army  radio  power  ampli¬ 
fier  with  the  output  power  of  50  W  such  as  AN/VRC-103(V)1  [14] 
draws  up  to  about  500  W  power  from  a  battery  unit  whenever 
the  PTT  (push  to  talk)  of  a  radio  transceiver  is  applied.  The  typical 
scenario  for  a  radio  transceiver  is  repetition  of  receiving,  transmit¬ 
ting  and  standby,  and  thus,  the  battery  intermittently  experiences 
a  large  amount  of  current  draw  during  the  transmission 
period. 


518 


D.  Shin  et  al.  /  Journal  of  Power  Sources  205  (2012)  516-524 


Fig.  2.  Parallel  connection  architecture. 


3.2.  Parallel  connection 

A  battery-supercapacitor  hybrid  shown  in  Fig.  2  is  an  intuitive 
way  of  reducing  the  effect  of  load  fluctuation  on  the  supplied 
voltage  level.  The  supercapacitor  connected  in  parallel  acts  as 
a  low  pass  filter  that  prunes  out  rapid  voltage  changes.  The 
battery-supercapacitor  hybrid  is  thus  effective  in  mitigating  the 
rate  capacity  effect  for  intermittent  (rather  than  continuous)  high 
load  current.  The  supercapacitor  shaves  the  short  duration,  but 
high  amplitude  load  current  spikes  and  makes  a  wider  duration 
but  lower  amplitude  current,  which  subsequently  results  in  bet¬ 
ter  energy  efficiency  due  to  lower  rate  capacity  effect  in  the  Li-ion 
batteries. 

In  the  parallel  connection  configuration,  the  filtering  effect  of 
the  supercapacitor  is  largely  dependent  on  its  capacitance.  A  larger 
capacitance  results  in  better  filtering  effect.  As  a  result,  the  parallel 
connection  has  a  limited  ability  to  reduce  the  rate  capacity  effect  in 
the  Li-ion  battery  when  the  capacitance  value  of  the  supercapac¬ 
itor  is  not  sufficiently  large.  Unfortunately,  due  to  the  volumetric 
energy  density  and  cost  constraints  in  its  practical  deployment,  the 
supercapacitor  capacitance  is  generally  rather  small. 

3.3.  Constant-current  regulator-based  architecture 

We  introduce  a  new  hybrid  architecture  using  a  constant- 
current  regulator  (cf.  Fig.  3)  to  overcome  the  disadvantage  of  the 
conventional  parallel  connection  hybrid  architecture.  The  constant 
current  regulator  separates  the  battery  from  the  supercapacitor. 

The  supercapacitor  in  the  parallel  connection  basically  reduces 
the  voltage  variation,  not  the  current  variation.  SPICE  simulation 
results  reported  in  Fig.  4  show  that,  in  the  parallel  connection,  the 
battery  current  exhibits  a  relatively  larger  variation  than  the  battery 
voltage.  In  particular,  as  the  load  current  (i0)  changes  from  valley  to 
peak,  the  battery  discharging  current  (ib)  also  changes  considerably 
and  nearly  reaches  the  peak  load  current  (cf.  Fig.  4(a)).  The  constant- 
current  regulator-based  architecture  maintains  a  desired  amount 
of  the  charging  current  regardless  of  the  state  of  charge  of  the 
supercapacitor  whereas,  in  the  conventional  parallel  connection 
configuration,  the  charging  current  is  not  controllable  and  varies 
greatly  as  a  function  of  the  state  of  charge  of  the  supercapacitor. 
Current  from  the  supercapacitor  (is)  compensates  the  difference 
between  the  battery  and  load.  Consequently,  the  proposed  hybrid 
architecture  reduces  variation  in  the  battery  discharging  current 
even  with  a  small  supercapacitor. 


Time  (s) 
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Fig.  4.  Current  response  of  the  constant-current  regulator-based  architecture  with 
pulsed  load,  (a)  Current  responses  of  the  battery  and  supercapacitor  to  the  load 
current  pulse  in  the  parallel  connection,  (b)  Current  responses  of  the  battery  and 
supercapacitor  to  the  load  current  pulse  in  the  proposed  constant-current  regulator- 
based  architecture. 


4.  Design  and  optimization  of  constant-current 
regulator-based  architecture 

There  are  several  problems  that  must  be  addressed  in  order 
to  develop  a  constant-current  regulator-based  system.  With  fixed 
supercapacitor  charging  current,  the  amount  of  delivered  power 
from  the  battery  to  the  load  will  depend  on  the  terminal  voltage 
of  the  supercapacitor.  Therefore,  to  deliver  enough  power  to  the 
supercapacitor,  the  supercapacitor  need  to  be  charged  up  to  certain 
voltage  at  initial  state.  Next,  the  charging  current  and  the  termi¬ 
nal  voltage  of  the  supercapacitor  should  be  carefully  controlled  to 
achieve  efficient  and  stable  operation. 

The  value  of  the  supercapacitor  charging  current  must  be  care¬ 
fully  set  because  it  greatly  affects  the  efficiency  of  the  system.  The 
terminal  voltage  of  the  supercapacitor  determines  the  amount  of 
power  that  is  transferred  from  the  battery  to  the  supercapacitor  at  a 
fixed  charging  current.  The  terminal  voltage  of  the  supercapacitor 
must  thus  be  maintained  within  a  proper  range  in  order  to  meet 
the  load  power  demand.  If  supercapacitor’s  terminal  voltage  is  too 
high,  excessive  power  will  be  transferred  from  the  battery  to  the 
supercapacitor.  In  such  a  case,  the  terminal  voltage  continuously 
rises  until  some  other  circuit  element  pinches  off  the  voltage  rise 
at  that  terminal.  On  the  other  hand,  if  the  supercapacitor’s  termi¬ 
nal  voltage  is  too  low,  then  the  load  demand  may  not  be  met.  To 
maintain  the  system  in  a  stable  operational  condition,  the  optimal 
charging  current  and  initial  terminal  voltage  of  the  supercapacitor 
must  be  obtained. 

In  this  section,  we  will  introduce  a  simulation  models  with  mea¬ 
sured  parameters,  a  problem  statement,  and  a  solution  method  to 
obtain  the  maximum  deliverable  energy  density. 


Fig.  3.  Constant-current  regulator-based  architecture. 


4A.  Simulation  models 
4AA.  Li-ion  battery 

Battery  models  for  the  electronic  systems  have  extensively  been 
studied  during  the  past  few  decades.  We  have  found  many  analyti¬ 
cal  models  based  on  electrochemical  process  modeling  and  analysis 
[  1 5,1 6],  but  the  electrochemical  battery  models  are  too  complicated 
to  be  used  for  the  system-level  design  of  electronics.  Rather,  battery 
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Fig.  5.  Li-ion  battery  equivalent  circuit  model. 


models  in  the  form  of  an  electric  circuit  are  much  more  suitable  for 
this  purpose  [17,18]. 

We  import  a  circuit  model  of  the  Li-ion  battery  from  [18]  as 
shown  in  Fig.  5.  This  includes  a  runtime-based  model  as  well  as  a 
circuit-based  model  for  accurate  capturing  of  the  battery  service 
life  and  I-V  characteristic.  We  can  describe  the  behavior  of  a  Li-ion 
battery  with  the  equivalent  circuit  and  the  following  non-linear 
equations. 


voc  =  bu6buVsoc  +  bi3Fsoc3  +  b\4Vsoc2  +  bisFsoc  + 
Rs  =  b2  \  eb22vsoc  +  b23 ,  Rts  =  b31eb^vsoc  +  b33, 

Cts  =  b4\eb/^vsoc  +  b43,Rd  =  b5-ieb^vsoc  +  b53, 

Cd  =  b6^eb^vsoc  +  b63,  Cb  =  3600  •  Capacity , 


where  by  are  empirically  extracted  regression  coefficients,  while 
Capacity  denotes  the  nominal  energy  capacity  of  the  battery.  Notice 
that  all  circuit  model  component  values,  such  as  value  of  Rs  and 
Rts ,  are  easily  calculated  from  these  equations  based  on  vSoc  and 
Capacity  data. 

4A.2.  Super  capacitor 

Supercapacitors  have  superior  characteristics  over  batteries  in 
terms  of  their  cycle  efficiency.  The  cycle  efficiency,  which  is  defined 
as  the  ratio  of  the  energy  input  to  energy  output  of  an  electrical 
energy  storage  element,  reaches  almost  100%  [2].  We  model  the 
supercapacitor  by  a  connection  of  various  circuit  elements.  More 
precisely,  the  equivalent  circuit  model  incorporates  a  transmission 
line  behavior,  a  parasitic  inductor  model,  a  charge  redistribution 
element,  and  a  self-discharging  current  model  [19]. 

We  have  simplified  the  complex  model  of  [19]  to  the  circuit 
model  shown  in  Fig.  6  for  fast  simulation  while  preserving  accuracy 
under  the  actual  operating  condition  of  the  hybrid  system.  The  load 
pulse  period  range  of  the  target  application  system  is  from  a  few 
seconds  to  a  few  tens  of  seconds  and  the  output  converter  switching 
frequency  is  a  few  hundreds  kFIz.  Therefore,  the  charge  redistribu¬ 
tion  and  the  self-discharge  phenomena  can  safely  be  ignored.  The 
resonance  behavior  is  also  neglected  because  most  supercapaci¬ 
tor  terminal  behavior  occurs  under  20  Hz  according  to  a  spectral 
analysis  performed  through  SPICE  simulation.  As  a  result,  the  pro¬ 
posed  simplified  electric  model  is  composed  of  a  series  inductor  Ls, 
an  access  resistor  Racc  which  physically  corresponds  to  the  resis¬ 
tance  of  the  device  terminals,  a  capacitor  Cacc  and  a  non-linear 
transmission  line  with  voltage  dependent  capacitors.  Finally,  the 
transmission  line  is  approximated  by  the  simple  RC  section,  Ri 
and  Ci . 


4 A. 3.  Switching  DC-DC  converter 

Switching  DC-DC  converters  are  used  to  transfer  power 
between  two  different  voltage  levels.  They  exhibit  a  higher  effi¬ 
ciency  than  linear  regulators.  Batteries  and  supercapacitors,  which 
have  variable  terminal  voltages  that  are  set  according  to  their  state 
of  charge,  are  commonly  paired  with  switching  DC-DC  converters 
to  supply  a  regulated  current  or  a  regulated  voltage  level  to  the 
load. 

The  switching  DC-DC  converter  efficiency  is  defined  as 
_  Pout  _  Pin  ~  Pconverter 

P  converter  —  -5 —  —  - 5 - »  \2.) 

*  in  1  in 

where  Pconverter  denotes  the  power  consumed  by  the  converter, 
which  comprises  the  conduction  losses,  gate-drive  losses,  and  con¬ 
troller  power  dissipation.  Pin  and  Pout  are  the  input  power  and 
output  power  of  the  converter,  respectively.  We  import  a  power 
model  of  the  switching  DC-DC  converter  from  [20].  Based  on  this 
model,  the  power  dissipation  of  a  switching  DC-DC  converter 
depends  strongly  on  the  input  voltage  vit  output  voltage  v0,  and 
output  current  i0  as  follows: 


Pconverter  —  Pconduction  +  Pgate  +  Pcontroller  —  lout  ( DRswl 
1/1  \2 

+  (1  —  D)RSW 2  +  Rl )  +  g  y—Aiij  (DRswi  +  (1  —  D)Rsw2  +  Rl  +  Rc) 

+  vinfs{Qsw\  +  Qsw2)  +  vin^ctrh  (3) 


where  Pgate  is  the  power  consumed  in  the  switches  SW !  and  SW2; 
Pcontroller  is  the  power  consumed  by  the  control  logic;  vout  is  the 
output  voltage;  iout  is  the  output  current;  vin  is  the  input  voltage;  iL 
is  the  current  through  the  inductor  L;  fs  is  the  switching  frequency 
of  the  switches;  RL  is  the  parasitic  resistance  of  the  inductor  L;  Rc  is 
the  parasitic  resistance  of  the  output  capacitor  C;  Rswl  is  the  turn-on 
resistance  of  the  switch  SW\ ;  Rsw 2  is  the  turn-on  resistance  of  the 
switch  SW2 ;  Qswi  is  the  gate  charge  capacity  of  the  switch  SW\ ;  Qsw2 
is  the  gate  charge  capacity  of  the  switch  SW2 ;  Ictri  is  the  required 
current  of  the  control  logic;  D  is  the  switching  duty  determined  by 
the  ratio  of  input  and  output  voltage. 


4 A. 4.  Load 

We  assume  that  the  load  is  modeled  by  a  periodic  pulsed  train 
with  a  regulated  voltage  value.  This  is  a  widely  adopted  load  model 
used  to  evaluate  the  performance  of  a  power  source  including  bat¬ 
teries  [9,11,21,22]. 

Fig.  7  shows  the  load  profile,  which  is  given  by 

( ipeak  if  ti<t<ti  +  t0„, 

Io  =  <  (4) 

l 'idle  'f  tj  +  ton  <  t  <  ti+u 

where  zpea/<  is  the  peak  amplitude  of  the  current  pulses;  iidie  is  the 
load  current  at  idle  time;  q  is  the  start  time  of  the  zth  pulse;  and 
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Table  1 

Extracted  parameters  for  the  battery,  supercapacitor,  and  converter  models. 


Battery 

b  ii 

-0.669 

b  i2 

£>14 

1.280 

&15 

£>21 

0.104 

£>22 

£>31 

0.151 

£>32 

£>41 

-72.389 

£>42 

&51 

2.071 

£>52 

£>61 

-695.302 

£>62 

Supercapacitor 

Ls 

0.93  |jlH 

Race 

Ri 

68m£2 

Cl 

Regulator 

Kwl 

25m£2 

Rsw2 

Rc 

100  m£2 

fs 

Qsw2 

60  nF 

I  Ctrl 

-16.208 

bn 

-0.035 

-0.399 

bn 

7.553 

-4.325 

b23 

0.344 

-19.602 

£>33 

0.188 

-40.832 

£>43 

102.803 

-190.412 

£>53 

0.203 

-110.630 

b  63 

611.504 

34m£2 

Cacc 

0.8  F 

(7.2  +0.616- vs)  F 

25 

Rl 

39m£2 

500  kHz 

Qswl 

60  nF 

4  mA 

finally,  ton  and  t0ff  are  the  time  durations  of  the  high  and  low  current 
levels,  respectively. 


4.2.  Simulation  model  parameter  extraction 

We  obtain  the  discharging  characteristics  of  Li-ion  battery 
by  measuring  and  extracting  the  regression  coefficients  for  (1). 
Table  1  shows  the  parameters  for  the  GP1051L35  Li-ion  cell  2-cell 
series  battery  pack  of  350  mAh  capacity,  NessCap  supercapacitor 
ESHSR001 0C0-002R7  of  10  F  capacitance  [23],  and  Linear  Technol¬ 
ogy  LTM4607  converter.  We  validate  the  battery,  supercapacitor, 
and  the  converter  model  with  the  measurement  result  of  various 
pulsed  discharging  and  constant  discharging  currents. 


4.3.  Optimization  problem  setup 

The  supercapacitor  needs  to  be  pre-charged  up  to  a  certain 
voltage  level  before  supplying  power  to  the  load  as  illustrated 
in  interval  @  of  Fig.  7.  Of  course,  we  will  use  part  of  the  pre¬ 
charged  energy  in  the  supercapacitor  after  the  battery  cut-off  time, 
tcutoff  (which  denotes  the  time  after  which  the  battery’s  remain¬ 
ing  capacity  fall  below  20%).  However,  during  intervals  @  and  ©  in 
Fig.  7,  the  large  difference  between  input  and  output  voltage  causes 
large  switching  DC-DC  converter  loss.  We  consider  this  amount  of 
energy  to  calculate  the  end-to-end  energy  efficiency.  The  amount 
of  reusable  energy  which  is  available  for  the  load  from  the  pre¬ 
charged  energy  in  the  supercapacitor  is  given  by 

ft  end 

E, reusable  =  ioVodt.  (5) 

J tcutoff 

During  interval  ®  in  Fig.  7  we  have  steady-state  operation  with 
periodic  pulsed  load  and  constant  charging  current.  We  need  to 
make  the  supercapacitor  voltage  at  the  start  time  of  the  high  current 
time  period  equal  to  the  voltage  at  the  end  time  of  the  low  current 
time  period.  We  can  thus  represent  the  steady-state  condition  as 


The  amount  of  energy  delivered  to  the  load  is  given  by 


Ess  — 


i0v0  dt 


Pregih^s  dt, 


(7) 


where  preg  is  the  power  conversion  efficiency  of  the  voltage  regu¬ 
lator  in  the  system.  Finally,  energy  delivered  to  the  load,  Edeiiver ,  is 
defined  as 


Edeiiver  —  EreSuable  T  Ess . 


(8) 


The  overall  energy  efficiency  from  the  battery  to  the  load  in  the 
hybrid  system  is  given  by 

c  i  ft  end 

Psystem  =  /  i0V0  dt,  (9) 

£  stored  ^ stored  Jq 


where  Estored,  Edeiiver ,  i0,  v0,  and  tend  denote  the  stored  energy  in  the 
battery,  delivered  energy  to  the  load,  load  current,  load  voltage,  and 
service  life  of  the  hybrid  system,  respectively. 

The  energy  density  of  the  system  may  be  calculated  as 


_  Eb+Es 
Phybrid~  Hb+Hs’ 


(10) 


where  Eb,  Es ,  Hb  and  Hs  denote  the  amount  of  stored  energy  in  the 
battery,  amount  of  stored  energy  in  the  supercapacitor,  volume  of 
the  battery  and  volume  of  the  supercapacitor,  respectively.  Finally, 
we  get  the  deliverable  energy  density  which  is  given  by 


Pdeli  ~  P system  •  Phybrid  •  0  1 ) 

Based  on  the  definition  of  the  system  efficiency,  delivered  energy, 
volumetric  energy  density,  and  deliverable  energy  density,  we 
can  formulate  an  optimization  problem  for  designing  battery- 
supercapacitor  hybrid  system  using  the  constant-current  regulator 
as  follows. 

Problem  1.  Determine  (Cs,  iChg ) to  achieve  the  maximum  deliv¬ 
erable  energy  density  Pdeiiver  f°r  given  a  battery  and  load  profile, 
considering  the  maximum  voltage  rating  of  the  supercapacitor  as 
well  as  current  and  voltage  ratings  of  the  converters  as  the  con¬ 
straints.  □ 


Vss  =  Vs(fi)  =  VsCtj-i-i),  (6) 

where  q  denotes  the  start  time  for  each  load  pulse  period. 

Different  charging  currents  cause  the  proposed  hybrid  architec¬ 
ture  to  operate  at  different  steady  states  under  the  same  pulsed 
load.  Notice  that  since  the  charging  current  and  the  supercapacitor 
terminal  voltage  affect  the  efficiency  of  the  switching  DC-DC  con¬ 
verters,  we  must  find  not  only  the  optimal  capacitance  value  but 
also  the  optimal  charging  current. 


Key  parameters  of  the  supercapacitors  in  the  hybrid  system  are 
the  voltage  rating  and  capacitance.  These  parameters  are  directly 
related  to  the  energy  transfer  efficiency  and  energy  density  of 
the  proposed  system.  The  capacitance  value  of  the  supercapacitor 
affects  the  efficiency  due  to  its  filtering  effect  on  the  pulsed  load. 
Moreover,  the  volume  of  the  supercapacitor  is  determined  by  its 
capacitance  value  and  voltage  rating.  Because  different  amounts  of 
charging  current  result  indifferent  steady  states,  the  value  of  charg¬ 
ing  current  results  in  different  requirements  for  the  voltage  rating 
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Fig.  8.  System  efficiency,  energy  density,  and  deliverable  energy  density  of  the  parallel  connection  and  the  constant-current  regulator-based  system  with  pulsed  load,  (a) 
Parallel  connection,  (b)  Constant-current  regulator-based  system. 


for  the  supercapacitor.  These  two  design  parameters,  i.e.,  the  super¬ 
capacitor  capacitance  and  charging  current,  also  strongly  influence 
the  efficiency  of  the  regulator.  The  operating  conditions  of  the 
switching  DC-DC  converters,  battery,  and  supercapacitor  should 
be  considered  as  constraints. 

4.4.  Optimization  algorithm 

Algorithm  1  (Algorithm  for  constant- current  regulator  based  hybrid 
system  design  space  exploration ). _ 

Input:  Load  profile:  (ipeak,  iMe,  ton,  toff), 

Specification  of  battery,  supercapacitor  and  switching  DC-DC  converter 
output:  Cs,  Umax,  ichg 

1  Calculate  minimum  required  capacitance  Cs>min,  maximum  operating 
voltage  Vmaxjnin,  and  maximum  charging  current  khg, max  according  to 
the  operating  range  of  the  DC-DC  converter; 

2  Set  Cs  =  Cs^min  and  Pdeli,max  =  0; 

3  Set  Vmax  —  Vmax,min  ^nd  i'chg  —  Ichg, max', 

4  Calculate  vss  and  by  (6); 

5  Calculate  P converter  with  Vs  and  ichg  during  steady-sate  operation  by  (3); 

5  If  Conduction  >  _  and  y~$  <  Vmax  Then  khg  =  khg  ~  Az, chg  go  to  4; 

7  If  Us  —  Vmax  &  Pdelii^s,  Vmax >  ichg )  —  Pdelii^s,  Vmax,  0)  > 

Pdeli(6-s,  Vmax  +  ^unif  ,  khg)  ~  Pdelii^s,  Vmax,  <W)by(7)-(ll)Then 
Vmax  =  Vmax  +  l^unit  S®  tO  4; 

8  If  Pdeli(Cs  ,  Vmax ,  khg)  >  P deli, max  Then  Pdeii,max  —  Pdeii  and  Cs  —  Cs  +  ACS 

Go  to  3; 

9  Return  Cs,  vmax,  and  ichg ; 

We  develop  a  simulation  environment  including  the  Li-ion  bat¬ 
tery,  supercapacitor,  regulator,  and  load  to  solve  the  aforesaid 
optimization  problem  by  simulation.  We  measure  the  characteris¬ 
tics  of  the  actual  devices  to  extract  the  parameters  for  the  models. 
Based  on  the  simulation  environment,  we  develop  a  design  space 
exploration  algorithm  which  derives  the  capacitance  and  the  max¬ 
imum  operating  voltage  of  the  supercapacitor  array  as  well  as 
the  magnitude  of  charging  current.  We  need  to  perform  time- 
consuming  SPICE-level  simulation  to  obtain  pddi.  The  proposed 
algorithm  greatly  reduces  size  of  search  space  by  exploiting  the 
characteristics  of  the  proposed  system.  We  need  to  explore  the 
design  space  for  three  variables:  capacitance  of  supercapacitor 
array,  Cs,  maximum  operating  voltage  of  supercapacitor  array,  vmax , 
and  output  of  constant-current  regulator,  ichg. 

In  practice,  we  can  find  a  wide  range  of  capacitance  values  in 
commercially  available  supercapacitors,  but  their  maximum  ter¬ 
minal  voltage  is  fixed  to  2.5  V  or  2.7  V.  This  maximum  voltage 
level  is  regarded  as  an  industrial  standard  for  the  supercapacitor 


manufacturing.  We  use  the  parameter  of  currently  available  super¬ 
capacitors  for  the  simulation,  and  change  the  maximum  terminal 
voltage  and  capacitance  of  the  supercapacitor  array  by  connecting 
unit  supercapacitors  in  series  or  parallel.  For  example,  we  need  to 
connect  2  supercapacitors  in  series  when  we  need  up  to  3  V  ter¬ 
minal  voltage.  Therefore,  we  use  a  virtually  continuous  Cs  using 
very  small  A Cs  similar  to  ichg  and  discrete  maximum  terminal  val¬ 
ues  according  to  vmax  to  calculate  the  volume  of  the  supercapacitor 
array. 

We  obtain  optimal  ichg  and  vmax  for  given  Cs  without  full-time 
simulation  using  the  relationship  among  ichg,  vs,  and  P converter  which 
is  given  by  (3)  and  (7)  to  reduce  the  design  space  exploration  time. 
We  further  reduce  search  space  for  Cs  by  considering  the  concavity 
of  Pdeii  versus  Cs.  We  cannot  directly  use  this  for  discrete  Cs,  but  use 
it  as  a  termination  condition  for  search. 

Algorithm  1  describes  the  proposed  algorithm.  We  initially 
obtain  the  minimum  required  capacitance  Cs<min  and  the  maxi¬ 
mum  operating  voltage  vmax  min  according  to  the  operating  range  of 
the  DC-DC  converter.  Cs  rnin  is  determined  by  the  maximum  input 
voltage  of  the  DC-DC  converter  and  vmaxmin  is  determined  by  the 
minimum  input  voltage  of  the  DC-DC  converter.  We  can  estimate 
the  energy  flow  of  the  supercapacitor  for  a  given  load  profile  consid¬ 
ering  the  conversion  efficiency.  The  energy  flow  causes  the  terminal 
voltage  fluctuation  of  the  supercapacitor.  The  peak  voltage  of  the 
terminal  voltage  fluctuation  must  be  within  the  operating  range 
of  the  DC-DC  converters.  Therefore,  iChg,maX  is  determined  by  the 
output  range  of  the  constant-current  regulator. 

First,  we  obtain  the  optimal  ichg  for  given  Cs  and  vmax.  For  given 
Cs,  we  can  estimate  steady-state  voltage  vss  by  (6)  and  calculate 
average  supercapacitor  terminal  voltage  vf  by 
_  1  pM 

vs=- - -  /  vsdt.  (12) 

h'+l  h' 

v~s  is  inversely  proportional  to  ichg  when  the  delivered  power  is  the 
same.  In  practice,  we  usually  use  the  same  switch  for  the  power 
switch  and  synchronous  switch  of  the  DC-DC  converter  to  sim¬ 
plify  the  driver  circuit  and  make  a  symmetrical  switching  operation. 
Therefore,  in  (6),  we  assume  that  PCOnduction  is  only  proportional  to 
the  square  of  ichg  and  Pgate  is  only  proportional  to  Ts  without  loss  of 
generality.  With  this  assumption,  we  obtain  optimal  ichg  by  decreas¬ 
ing  it  from  the  initial  maximum  until  PCOnduction  decrement  is  equal 
to  Pgate  increment  or  Ts  reaches  vmax.  We  increase  the  vmax  only 
when  the  gain  in  pddi  that  comes  from  vmax  increase  is  greater  than 
maximum  possible  gain  originated  from  ichg  decrease.  We  repeat 
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Load 


Fig.  9.  Design  space  exploration  result  by  simulation. 


above  process  as  increasing  Cs.  It  stops  and  returns  the  optimization 
result  when  pdeU  starts  to  decrease. 

4.5.  Design  space  exploration 

First,  to  show  a  motivational  example,  we  obtain  the  energy  effi¬ 
ciency  and  deliverable  energy  density  of  the  system  by  simulation 
using  the  parameters  of  the  Li-ion  battery  and  supercapacitor.  We 
use  a  pulse  current  of  10  s  period,  and  10%  duty  cycle  whose  dis¬ 
charging  rate  is  10C.  From  Fig.  8(a),  the  energy  efficiency,  pSystem, 
increases  as  the  capacitance  of  the  supercapacitor  increases.  FIow- 
ever,  pdeU,  decreases  as  the  capacitance  increases  due  to  the  fact 
that  the  energy  density  of  the  supercapacitor  is  much  lower  than 
that  of  the  battery. 

Next,  we  perform  design  space  exploration  to  find  the  capac¬ 
itance  of  the  supercapacitor  and  the  charging  current  for  the 
proposed  hybrid  system.  We  use  the  battery  model  and  the  switch¬ 
ing  DC-DC  converter  model  with  the  extracted  parameters  in 
Table  1.  The  simulation  result  of  the  energy  density  on  Cs-ichg 
domain  is  shown  in  Fig.  9.  We  use  NessCap  ESFISR001 0C0-002R7 1  F 
supercapacitor  as  a  unit  for  the  array.  We  obtain  the  optimal  design 
parameters  of  Cs  =  2.5  F  and  ichg  =  0.41  A,  from  the  deliverable  energy 
density  perspective  using  the  proposed  algorithm.  Optimization  is 
performed  within  the  range  of  capacitance  from  0.1  to  5  F  and  the 
charging  current  from  0.1  to  0.7  A.  The  maximum  charging  current 
is  2  C  rate. 

As  we  can  see  in  Fig.  9,  the  deliverable  energy  density  shows 
stepwise  concave  shape  as  Cs  increases  due  to  the  system  efficiency 
and  the  energy  density.  The  value  of  the  charging  current  affects  the 
voltage  rating  of  the  supercapacitor  and  the  converter  efficiency 
simultaneously.  If  we  apply  a  small  charging  current,  we  need  a  high 
steady-state  voltage  which  results  in  the  supercapacitor  volume  to 
be  increased.  On  the  other  hand,  a  large  charging  current  causes  an 
excessive  converter  conductive  loss. 

5.  Implementation 

Commercial  regulator  ICs  feature  some  attractive  functions  such 
as  multi-chemistry  battery  support,  USB  compatibility,  and  cell  pro¬ 
tection  and  monitoring.  Flowever,  it  is  difficult  to  find  regulators 
that  satisfy  all  of  our  requirements.  First,  we  need  a  wide  output 
voltage  range  (unlike  batteries,  supercapacitors  have  a  wide  range 
of  output  voltage  variation  according  to  their  SOC).  Unfortunately, 
commercial  regulators  are  commonly  designed  for  the  stacked  bat¬ 
tery  cells  which  show  a  limited  range  of  output  voltage.  Next,  we 
need  high  maximum  charging  current  because  the  supercapacitors 
have  a  higher  charging  current  rating  compared  to  that  of  batteries. 


Fig.  10.  Hybrid  power  controller  board,  (a)  Top.  (b)  Bottom. 


Conventional  battery  and  supercapacitor  regulators  have  a  limited 
maximum  charging  current  capability.  Of  course,  high  conversion 
efficiency  is  also  essential. 

We  design  a  new  regulator  circuit  using  a  high-efficiency 
switching  buck-boost  converter  LTM4607  from  Linear  Technol¬ 
ogy  [24].  The  LTM4607  has  an  input  voltage  range  of  from  4.5  to 
36  V,  an  output  voltage  range  from  0.8  to  24  V,  and  delivers  up 
to  5  A  of  current.  It  is  specified  in  the  manufacturer’s  datasheet 
that  the  conversion  efficiency  reaches  up  to  98%.  The  LTM4607  is 
originally  designed  as  a  DC-DC  converter  which  generates  only  a 
constant-voltage.  It  has  a  voltage  feedback  input  to  regulate  output 
voltage  by  adjusting  the  inductor  current.  We  modify  the  feedback 
circuit  so  that  the  feedback  voltage  reflects  the  magnitude  of  out¬ 
put  current.  We  did  not  change  the  converter  topology,  and  always 


Fig.  11.  Supercapacitor  array. 
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—  Battery  voltage  —  Battery  current  —  Load  current 


10  30  50  70^90 110  10  30  50  70  90  110 

(a)  Time  (s)  (b)  Time  (s) 

Fig.  12.  Load  current,  battery  voltage,  and  battery  current  of  the  parallel  connection  and  the  constant-current  regulator-based  system  with  pulsed  load,  (a)  Parallel  connection, 
(b)  Constant-current  charger  based  system. 


use  the  converter  within  the  specified  safe  operating  range  of  the 
LTM4607  module.  Therefore,  only  the  switching  duty  D  in  power 
model  (3)  is  affected  by  the  feedback  loop  modification.  The  other 
physical  parameters  presented  in  Table  1  are  basically  the  same 
whether  it  is  in  the  constant-current  operation  or  constant-voltage 
operation. 

We  also  use  another  LTM4607  to  supply  a  regulated  voltage  to 
the  load  as  the  recommended  circuit  design  by  the  manufacturer. 
It  has  a  wide  range  of  input  voltage  and  output  voltage  enough  to 
accept  the  supercapacitor  terminal  voltage  as  an  input.  In  addition 
it  exhibits  high  conversion  efficiency  over  a  wide  range  of  output 
currents. 

We  use  an  ultra  low-power  1 6-bit  microprocessor  MSP430  from 
Texas  Instruments  as  the  controller.  It  has  a  12-channel  12-bit  ADC 
and  a  2-channel  12-bit  DAC  required  for  measurement  and  control. 
The  control  software  task  has  a  1  ms  of  execution  period.  Fig.  10 
shows  the  implemented  hybrid  power  system  board  prototype. 

We  implement  the  supercapacitor  array  using  the  unit  superca¬ 
pacitor.  We  use  passive  cell  balancing  circuit  and  the  implemented 
array  is  partially  reconfigurable.  Fig.  1 1  shows  the  supercapacitor 
array. 


6.  Experiment 

As  shown  in  Fig.  1 2,  the  constant-current  regulator  allows  one  to 
achieve  smoother  supercapacitor  charging  current  with  the  same 
supercapacitor  capacitance.  We  can  see  that  the  average  discharg¬ 
ing  current  in  the  proposed  hybrid  architecture  is  much  smaller 
than  that  in  the  parallel  connection  configuration.  Accordingly,  we 
obtain  a  higher  overall  energy  density  for  the  electrical  energy  stor¬ 
age  system  while  ensuring  that  the  deliverable  energy  to  the  load 
is  maximized. 

Fig.  13  shows  the  voltage  and  current  change  of  two  differ¬ 
ent  battery-supercapacitor  hybrid  systems  when  a  pulsed  load  is 
applied.  We  use  the  battery  and  supercapacitor  described  in  Section 
4.2.  The  2.5  F  supercapacitor  is  composed  of  four  serially  connected 
10  F  supercapacitors.  The  pulse  has  3.5  A  peak  current,  which  cor¬ 
responds  to  IOC,  10s  period,  and  10%  duty  cycle.  Fig.  13(a)  is  the 
result  of  the  parallel  connection,  and  Fig.  13(b)  is  the  result  of  the 
proposed  hybrid  architecture.  Evidently,  the  proposed  architecture 
achieves  7.7%  service  time  improvement  which  corresponds  to  the 
same  amount  of  the  deliverable  energy  density  gain  where  the  same 
battery  and  supercapacitor  setup  is  used. 


Fig.  13.  Voltage  and  current  measurements  while  discharging  350  mAh  2-cell  Li-ion 
battery  with  2.5  F  supercapacitor.  The  load  pulse  has  10C  rate  peak,  10  s  period,  and 
10%  duty,  (a)  Parallel  connection  architecture,  (b)  Proposed  hybrid  architecture. 


7.  Conclusion 

The  battery-supercapacitor  hybrid  can  reduce  the  loss  due  to  the 
rate  capacity  effect  for  the  modern  portable  electronics  which  have 
a  highly  fluctuating  load  profile.  Conventional  parallel  connection 
battery-supercapacitor  hybrid  needs  a  large  supercapacitor  so  as 
to  reduce  the  battery’s  peak  discharging  current  enough  to  relieve 
the  rate  capacity  effect  on  the  battery.  Flowever,  the  large  super¬ 
capacitor  drastically  degrades  the  overall  available  energy  density 
which  is  one  of  the  most  critical  constraints  for  the  power  source  of 
portable  electronics.  By  isolating  the  battery  from  supercapacitor, 
proposed  constant-current  regulator-based  hybrid  system  relieves 
the  rate  capacity  effect  with  smaller  supercapacitor  than  the  par¬ 
allel  connection.  We  derive  the  optimal  steady-state  condition  of 
the  system  to  balance  the  power  from  the  battery  to  the  load  for 
given  periodic  pulsed  load.  Experimental  results  show  that  the  pro¬ 
posed  hybrid  system  achieves  up  to  7.7%  deliverable  energy  density 
improvement  compared  to  the  parallel  connection. 
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